To estimate the amount of genotype by environment interaction (G x E) data was obtained within the Swedish breeding program of Pinus sylvestris L. The calculations were based on estimates of G x E expressed by the genetic correlations across trials. In total, 66 progeny trials were included coming from 17 different test series. The number of parents tested per progeny trial was in average 52. Some parents were tested in several series and in total 812 parents were represented in the study. The results of our study showed that the amount of G x E for growth traits in Pinus sylvestris in southern Sweden was low. The median genetic correlation across trials for height, height increment and diameter were in the range 0.75-0.80 and the pattern of interaction was largely unpredictable from site differences in site index, latitude, longitude and altitude.
Introduction
Clone and progeny testing in field tests is one of the most important and costly components of a tree breeding program. The objective is to compare the selection candidates under conditions similar to those under which mass-propagated material will be grown. Several considerations have to be made to design an efficient testing, but a key element is to find the optimum number of trials to be used. In Sweden, the testing of Pinus sylvestris L. was designed to identify selection candidates that perform well across sites within seed zones assuming that the genotype by environment interaction (G x E) is low within seed zones. The division of zones was based on the general adaptation pattern of Pinus sylvestris, which in Sweden is characterised by a clinal variation along a latitudinal temperature gradient (LANGLET, 1936; EICHE, 1966) . The population differentiation is lower in southern Sweden (JOHNSSON, 1970) as opposed to the stronger effects reported from studies in northern Sweden (ERIKSSON et al., 1980; PERSSON, 1994) where the climate is harsher. As a consequence, larger seed zones have been used in southern than in northern Sweden. Within seed zones the optimum number of trials is highly dependent on the amount of G x E and this optimum number of trials is further explored in an adjacent study (HANNRUP et al., 2007) . The large body of Pinus sylvestris progeny tests now being available enables an accurate quantification of the amount of G x E within seed zones of this species in southern Sweden.
An array of statistical methods has been used to quantify the amount of G x E such as traditional analysis of variance, regression methods and multivariate techniques (for review of methods see SKRØPPA, 1984) . In Pinus species, such studies have commonly indicated statistical significant interactions, but the interactions have not been sufficiently strong to warrant any further subdivision of breeding populations or seed zones (MATHESON and RAYMOND, 1984; MCKEAND et al., 1990; PSWARAYI et al., 1997) . Alternatively, genetic correlations across sites have been used to quantify the amount of G x E. FALCONER (1952) close to unity it can be assumed that the two traits are closely related. BURDON (1977) The purpose of the present study was to assess G x E for growth traits in Pinus sylvestris in southern Sweden. The estimates of G x E were expressed as genetic correlations across trials. When the correlation for a pair of environments is small, this indicates that parents do not rank the same in both environments. Another aim of the study was to detect factors causing the interaction.
Materials and Methods

Experimental data
To estimate the amount of G x E, data was obtained within the Swedish breeding program of Pinus sylvestris. This data refer to the base generation of material for breeding and masspropagation. The parents were phenotypically selected plus-trees, grafted in seed orchards and progeny tested in field trials. The seed crop of a seed orchard was intended for a defined seed zone and the parents were tested within this zone. Typically, five trials were replicated within a series (the trials of one seed orchard composed a series) where three trials were located on the most representative type of site within the seed zone and the remaining two trials on one harsher and one milder site, respectively. For the purpose of the present study, all series in southern Sweden with measurements from at least three replicated trials were selected. In total, there were 66 progeny trials included, coming from 17 different test series. In eight of these series full-sib progenies were used, whereas half-sib progenies were used in nine series (Fig. 1) . Among the latter series, six series comprised half-sib progenies generated by collecting openpollinated seeds from mother trees whereas the half-sibs in the remaining three series were generated by mating grafted clones with a pollen mixture of 13 to 18 parents. The average latitudinal and longitudinal differences between trials within series were 0.7°and 1.2°, respectively, which equal 80 and 68 km, respectively. The corresponding difference between trials for height above sea level was 92 m. The maximum differences in latitude, longitude and altitude between trials within series were 2.9°, 3.0°and 320 m, respectively.
The number of parents tested per trial was in the range of 24 to 92 with an average of 52 parents per trial. Some parents were tested in several series and in total 812 parents were represented in the study. The parents tested within a series were on average selected within a latitudinal and altitudinal range of 2.2°and 230 m, respectively, with corresponding maximum values of 5.9°and 375 m, respectively. Among the 66 progeny trials included in the study, 63 trials had a randomised complete block design with non-contiguous single-tree plots. The number of blocks was in most cases ten and each family was mostly represented four times within a block. The remaining three progeny trials had a randomised complete block design (ten blocks) with fourtree plots. In these trials only one tree per four-tree plot was measured. The characters analysed in this study were height, height increment, i.e. the difference between two subsequent height measurements, and breast height diameter. Height was measured twice in 57 of the trials and for three trials only the height increment data was available. Six trials were measured once for height. Breast height diameter was measured in 52 of the 66 trials and only once in the trials where it was measured. The age at measurement (number of growing seasons in the field) varied among the trials, but most trials were measured for height at age five and ten and for breast height diameter at age ten. The oldest age at measurement was 17 years. The number of measured progenies per parent within a trial varied between trials and characters, but was on average 28 for height and height increment and 20 for breast height diameter. The mean height of the trials was in the range of 0.8 to 12.0 m (5 and 16 years in the field, respectively) with an overall average of 3.2 m.
Statistical analyses
The statistical analyses were based on multiple-trait mixed model equations (MME) and variances and covariances were estimated with the Average Information algorithm (GILMOUR et al., 1995) for restricted maximum likelihood (REML) estimates as performed in the ASReml software (GILMOUR et al., 1999) . The statistical analyses were made in two steps; (i) univariate analysis where variance components for each character within each trial were estimated, (ii) two-site analysis where variances and covariances between characters across trials were simultaneously estimated between pairs of trials within series of progeny trials. The variables measured in the progeny trials within a series were considered as different characters in the analyses, e.g., measurements of height in two trials were considered as measurements of two different characters. Estimated (co)variances between characters across trials were only made for combinations of trials where the characters had been measured at the same or similar ages. The statistical model used in the univariate analyses of the fullsib trials was:
[1] the following two-site model, which is an extension of [1], was used in the analyses of the full-sib trials:
where y 1 and y 2 are observation vectors for the two sites, X 1 and X 2 are design matrices for fixed block effects, b 1 and b 2 are vectors of fixed block effects, Z 1 and Z 2 are design matrices for random parent effects, p 1 and p 2 are vectors of random parent effects, W 1 and W 2 are design matrices for random family effects, f 1 and f 2 are vectors of random family effects and e 1 and e 2 are vectors of random residuals.
The random factors were assumed to be normally distributed with expectation zero and, consequently,
Furthermore, the (co)variances of the random effects were assumed to be [4] where p' = (p' 1 , p' 2 ), f ' = (f ' 1 , f ' 2 ) and e' = (e' 1 , e' 2 ). G is the matrix with the parental variances and covariances, D is the matrix with the family variances and covariances and I 1 and I 2 are identity matrices with dimensions equal to the number of parents and families, respectively. R is the error covariance matrix equal to Σ ⊕ R i where R i is a diagonal error matrix for the individuals in trait i. The parents were assumed unrelated and it was further assumed that no maternal effects were present at the ages studied. in the half-sib or full-sib trials, respectively, where σ 2 e is the residual variance.
The additive genetic covariance, σ A 1 A 2 , where in both cases estimated as four times the parental covariance. The estimates of individual tree heritabilities (ĥ 2 ) and additive genetic correlations (r A ) across trials were computed as [8] [9] Genetic correlations were computed for all possible pairwise combinations of trials within series. In those few cases where the G matrix was not positive definite the same analysis was repeated but with a constraint included in the ASReml software. This constraint reduced the parental covariance until the G-matrix was just positive definite (GILMOUR et al., 1999) . Estimates of the standard errors of the genetic parameters were obtained with the ASReml software using a Taylor series approximation (GILMOUR et al., 1999) .
Multiple linear regressions were performed to determine if it was possible to predict the genetic correlations across sites from the site-and locality variables. The following model was used [10] where r ij is the genetic correlation between trial i and j, x ij are the differences in site-and locality variables between trial i and j, b are the regression coefficients and e is the random residual. The following variables were tested latitude, longitude, altitude and site index.
Results
Genetic parameters
Mean values across trials and ages of the heritability and additive coefficient of genetic variation for the studied characters are presented in Table 1 . The heritability means were 0.21, 0.26 and 0.17 for height, height increment and breast height diameter, respectively. The mean heritability for height and height increment of the series with full-sib progenies were similar as for the series of half-sib progenies (data not shown).
The median genetic correlation across trials for all characters were in the range 0.75-0.80 for the pooled data ( Table 2) ; corresponding mean values were slightly lower. The estimates of the genetic correlation from the half-sib and full-sib material were similar for height and height increment, whereas for breast height diameter, the full-sib material yielded a lower estimate of the genetic correlation. Frequency distributions of the genetic correlation across trials for height and breast height diameter are shown in Fig. 2 . There was a tendency of the genetic correlations to be more clustered for height whereas the correlations for breast height diameter were distributed over a wider range with a pronounced peak in the highest class (r A = 0.90-1.0). Height was measured in the age interval of 4 -17 years. Within this interval there was no age trend for the estimates of the genetic correlation across trials (Fig. 3) . Breast height diameter was measured in a more narrow age interval and within this interval no consistent age trend could be observed (Fig. 3) .
The estimated genetic correlations across sites dependent on the difference in site index, latitude, longitude and altitude between the trials were unpredictable. The multiple regression with these site and locality variables in the model did never explain more than 17 % of Table 1 . -Mean values across trials and ages of heritability with standard deviations in parenthesis, additive coefficient of genetic variation (CV A ) and number of estimates (n) for height (ht), height increment (ht_inc) and breast height diameter (dbh). Table 2 . -Median and mean values of the additive genetic correlation (r A ) across trials estimated from half-sib progeny trials, full-sib progeny trials and pooled for height (ht), height increment (ht_inc) and breast height diameter (dbh). the total variation for the characters studied (data not shown).
Discussion
Heritabilities and additive coefficients of genetic variation
The mean heritability and additive coefficient of genetic variation (CV A ) for height and breast height diameter (Table 1 ) are similar as corresponding median values reported from a compilation of studies across species (CORNELIUS, 1994) . The mean heritability for height was the same from the full-sib as from the halfsib material indicating that the sample sizes of these two groups were sufficient for the means to converge towards a stable value.
Height increment had a higher heritability and CV A than height ( Table 1) . The difference among the two characters may be caused by establishment effects which increase the environmental effect. Height increment is less affected by random establishment effects occurring in the years following planting as the earliest height measurement was made after four growing seasons in the field.
Genetic correlations
The genetic correlations across trials within series were used to quantify the amount of G x E within seed zones. The median values were not below 0.75 for any trait ( Table 2 ), indicating that the G x E was in general low in this material. The result in our study show a lower amount of G x E as compared to earlier studies in Pinus sylvestris (LINDGREN, 1984; GULLBERG and VEGERFORS, 1987) using ANOVA-based methods with limited materials. Using data from the Finnish Pinus sylvestris breeding program, HAAPANEN (1996) estimated a mean type-B genetic correlation across sites of 0.61 for height at age 10. This estimate was lower than corresponding estimate in the present study, probably due to the more northerly location of the Finnish trials. At higher latitudes the climatic gradient is steeper and therefore the trials may have comprised a higher environmental variation. In a study of Picea abies (L.) Karst. in western Denmark and southern Sweden, the median genotypic correlation across sites was 0.54 for height growth at age 11-14 years (KARLSSON et al., 2001 ). Damage by spring frost was assumed to be the main course of G x E.
It should be noted that the progeny trials used in the present study were part of the operational breeding programme and they were not laid out with the primary purpose to study G x E. The drawback of this condition was a rather limited range of the environments studied. The maximum latitudinal difference among trials within a series were 2.9°. However, within this range there was no tendency for the genetic correlation to decrease with increasing difference in latitude of the trials as shown from the multiple regression of site and localityvariables. This was confirmed by a closer examination of the series with maximum differences in latitude. In series 2 (Fig. 1a) there was no difference between the correlations with the most southern trial and the correlations between the other three trials. Furthermore, no east-west interaction pattern was detected. In the most appropriate series to study this, series 5 (Fig. 1a) , there was a high correlation for height (r A = 0.86) between the trial located in the region of high precipitation in western Sweden and the trial located in the region of frequent early summer drought on the east coast. Neither did HAAPANEN (1996) find any predictable pattern in family-by-trial interaction. In his study none of the studied environmental variables explained a significant portion of the across site genetic correlation.
The estimates of the genetic correlation were not normally distributed (Fig. 2) and we consider the median values as more appropriate than the arithmetic mean. However, the differences between median and mean values were small except for breast height diameter, which also had the genetic correlations distributed over a wider range. The wider distribution of the genetic correlation for breast height diameter is best explained by the lower precision in the estimates of the genetic correlation as a consequence of the lower sample size and heritability for this character. The six negative genetic correlations for breast height diameter were all found in pairs of trials, where either of the heritabilites in the two trials were not significantly different from zero (p > 0.05).
For height, no age trend was observed for the genetic correlation across trials (Fig. 3) . This indicates that, regarding G x E, it is indifferent at what age the selection is carried out. Studying a similar age interval in Pinus elliottii, HODGE and WHITE (1992) reported no age trend for the type-B genetic correlation across trials of stem volume. However, contrary to this, a study in the same species by DIETERS et al. (1995) indicated a corresponding increasing genetic correlation with age for stem volume. Breast height diameter did not show a consistent age trend of the genetic correlation across Hannrup et. al.·Silvae Genetica (2008) 57-6, 306-311 trial (Fig. 3) and no strong conclusions may be drawn for this character. It is suggested that the irregular pattern observed is an effect of sampling as the number of observation for each age class was low and could be too dependant on a particular series.
In conclusion data used in our study showed that there is little genotype by environment interaction for growth traits in Pinus sylvestris in southern Sweden as indicated by median genetic correlations across trials above 0.75 for height, height increment and diameter. Our results also showed that the pattern of genotype by environment was largely unpredictable.
